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The Use of Computed Tomography in Assessing Muscle
Cross-sectional Area, and the Relationship between
Cross-sectional Area and Strength
The estimation of muscle cross-sectional area
(GSA) by anthropometric measurements is in-
sensitive for objective clinical research. How-
ever computed tomography (eT) enables speci-
fic muscle imaging foraccurateCSA
deter~ination.This study, involving 15 males
with pifJvious knee injuries,examined the re-
peatability ofbilateralCT in calculating mid-
thigh muse/edensities (Houndsfield units: HU)
and quadriceps atrophy. Signifieant differences
between limbs In strength (p<O.0001), GSA
(p< 0.001 ) and HU (p< 0.05) were observed. Prior
toa four week electro-motor stimulation (EMS)
programme,a significant correlation between
force and quadriceps GSA existed which dimin-
ished over time. Neurogenic contributions to
improved strength were demonstrated In the
. absence of increasedCSA. These data suggest
eSA is not a reliable predic~orofstrength po-
tential in atrophic muscle. Computed tomog-
raphy scanning provides an accurate, repeat-
able method for standardized tissue density and
muscle CSA assessment.
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Anthropometric measurements have
traditionally .been used to gauge the
extent of atrophy of the underlying
musculature and to determine the in-
fluence of rehabilitation programmes
on muscle development. Recent ad-
vances in measuringcross..sectional area
have indicated that these methods are
insensitive in detecting significantal-
teration in CSA. This is due to their
inability to differentiate specific muscle
groups and the tendency, after injury,
for subcutaneous tissue deposition in
the affected limb to mask changes in
limb girth (Ingemann-Hansen and
Halkjaer-Kristensen 1977, Young et al
1980, 1982, Renstrom etaI1983). Limb
circumference corrected forsubcuta-
neous fat using skinfoldcaliper meas-
urementsmay tend to over-estimate
CSA; the relative difference increasing
with the thickness of the subcutaneous
layer (de Koning et 01 1986). Other
methods for studying changes in mus-
cle function have included muscle biop-
sies (Haggmarket 01 1978, Gerber et
0/1985, Hoppeler 1986) and limb vol-
umetric assessments (Sargeantet al
f977,Gould et 01 1982, 1983).
Failure to isolate specific muscles by
these techniques has. prompted the use
of more accurateCSA methods in-
cluding ultrasonography (US) (Dons et
011979, De Carvalho et a11985, Stokes
1985) and computed tomography scan-
ning (CT) (Scantz etal 1983, Luthi et
at 1986). The use of these imaging sys-
tems has also enabled calculations of
tissue density ,providing a further
means of assessing muscle condition
(Bulckeet al 1979, 1980).
Previously,muscle strength has been
considered to be proportional to CSA
measures (Ikaiand Fukunaga 1968,
Salmons and Hendriksson 1981, Young
etaI1981). However, investigations of
this relationship by Maughanetal
(1983) and Maughan and Nimmo
(1984), while confirming this trend,
point to the wide variability in the ratio
between strength and CSAwhich re-
flects differences in study populations
(viz age, sex, trained vs untrained) and
the muscle groups studied.
A number of writers have reported
marked increases in force production
during the early phase of strength
training (Komi 1986) in the absence of
detectable changes in muscle size (Hop-
peler 1986). However, many of these
studies have estimated CSA using an..
thropometric measures (Moritani and
de Vries 1979, 1980, Romero et a11982,
Currier and Mann 1983). Conse-
quently, investigators have increasingly
adopted CT and US scanning to ob-
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Table 1:
Descriptive data on thesubjects'injuries,surgery and extent of quad-
ricepsatrophy at the mid-thigh before and after EMS
{31r ~easureEments
The subjects were positioned supine
on the scanner table with their arms
folded on their chest and with their
lower limbs restrained in a moulded
Figure 1: Method used to determine the
mid~thigh level of repeated CTscans.
An indelible mark was used as the ref~
erence for both future scans andelec-
trade placement during EMG studies.
made on the skin midway between the
great trochanter and the lateral joint
line of the knee. This level was re..
corded while the subject was standing
and was used as the reference point for
the repeated CT scan and for electrode
placement during electromyographic
studies [Figure 1].
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Subjects
This investigation,approved by the
Human Rights Committee of the Uni-
versity of Western Australia,wascar-
ried out on fifteen male .subjects aged
22-42 years (mean 34.4, ± SD 5.8),all
of whom gave informed consent to the
experimental procedures. These indi-
viduals had sustained knee injuries and
presented for this study on average 7
years after surgery (Table 1). The re-
sults obtained with these subjects dur..
ing a four week programme of daily
electro..motor stimulation (EMS) has
previously been reported (Singer 1986).
General Protocol
During the final preparations for the
EMS study, an indelible mark was
Method
[ACL)
[MCl]
[MM]
[LM]
[*]
[t]
[0]
[A]
[OR]
[M]
Injury & Operation
(years post-operation)
No Age Pre-test
difference in
CSA between
limbs
cm2 0/0
jectively assess CSA of the trained
muscle group. Few studies, however,
have reported longitudinal data on the
validity of these techniques through re-
peated reliability testing.
The purpose.of the present investi-
gation was to examine the consistency
of repeated CT scans of the mid-thigh
to ass~~s quadriceps CSA and muscle
tissue density [Houndsfield Units: HU].
The relationship between maximal
static force production of the knee ex-
tensors and eSA was then examined
before and after a four week pro-
gramme of dailyelectro~motor stimu-
lation(EMS). It was anticipated that
this study would provide a means of
validating the CT measure of muscle
eSA and provide a background for
discussing possible mechanisms in-
volved in voluntary force production.
1 25.6 MM M [A]
2 25.9 MM,LM M,l [A]
3 27.5 MM,MCL M [0]
4 31.3 Tib Plateau* M [OR]
5 31.6 MM M (A]
6 31.8 High tibial* [OR]
7 32.7MM, Mel M [0]
8 32.9 MM M [A]
934.6 MM, lM,MCl M [0]
10 35.8 MM, MCl, ACl M [0] [t]
11 39.5 MM, leL, ACL M [0] It]
12 41.0 MM, MCl M [0]
13 41.6 MM M[A]
14 42.4 MM, MCl M [A,O]
15 42.4 MM M[O]
KEY: Anterior cruciate ligament
Medial collateral ligament
Medial meniscus injured
lateral meniscus injured
Fracture
ACt reconstructive surgery
Open arthrotomy
Arthroscopic surgery
Ope~ reduction
Menlsectomy
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Figure 2: BiJateralCT scan of the mid-thigh from a subject with long-standing
quadriceps atrophy following inJury and surgery to the left knee"
Figure 3: Schematic representation of
the quadriceps CSA calculated by dig-
itizing the knee extensor outline [a] and
the areas selected for tissue density
calculations (HU) withinm. vastusla-
teralis and biceps femoris [b]
muscle and its septum. Similarly, the
posterolateral border was used for m.
biceps femorisHU assessment (Figure
3).
support to prevent unintentional move-
ment.They were requested to relax as
completely as possible and, after align-
ing the scanner with the mid-thigh
marks, a 4.5mm slice (120Kv, 351mA,
2.4s) perpendicular to the long axis of
the limb was obtained (Figure 2). These
assessments were made with a third
generation CT scanner (Philips To-
mosean T310-T24, Medical Applica-
tions, .Sydney, Australia) . Calibration
of the scanner prior to this investiga-
tion indicated a maximum exposure of
4-5mSv per scan, well within the
recommended annual dose (50mSv/
year) for human volunteers (National
Radiological Protection Board 1983).
To establish the reliability of this pro-
cedure in estimating HU and CSA,one
sedentary subject volunteered for a se-
ries of8 scans taken over a 12 week
period.
Data Reduction
The initial bilateral mid-thigh CT
scan was used to derive theHU and
CSA data with quadriceps muscleCSA
measured by computerized planimetry
(Gerber et af 1985). The scans were
back-projected onto a digitizing tablet
(Digi-Pad 5, GTCOCorporatioll, TCG
Systems, .Perth, Australia) and the dig-
itizercalibrated to a 1Ocm2 grid using
software developed foranHP 98363C
computer. From this calibration.a con-
version factor was calculated for the
computer generated scale on each scan"
While medial muscle group compo-
nents were difficult ·to distinguish in
some scans due to shadow overlap, the
peripheral edge of the septum dividing
m. vastusmedialis and the adductor
group could be consistently used to
construct a straight line through to the
femoral shaft (Figure 3). The HU den-
sity data were derived from a stand-
ardized region in ffi. vastus lateralis
and biceps femoris. These two areas
were located by manually aligning a
stylus on the scanner visual display unit
and designating a defined area of
lOcm2 , the boundaries of which encom-
passed the·anterolateral border of the
Statistical Analysis
To test the hypothesis that repeated
CTscanning of the thigh would pro-
vide consistent data on the CSA and
HU of specific muscle group(s), relia-
bility was assessed by computing the
coefficient of variation (CV) for the
eight scans of the sedentary volunteer.
The CV produced from .digitizing one
scan eight times was assessed in the
same manner. Pearson's correlation
procedure ·was used to determine the
relationship between quadriceps CSA
and force development before and after
four weeks of daily EMS treatments.
Repeated measures analysis of variance
was used to determine significant dif-
ferences (P<O.05) between limbs and
differences over time.
Delimitations
While strength testing relies on the
assumption that the .individual exerts
their maximal effort .it is accepted that
motivation, learning associated with the
test,biomechanical and otber influ-
ences (peacocket af 1981) potentially
affect this result. In the present study
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Table 2:
Difference between limbs in static force production of the quadriceps,
CSA and HU characteristics
lAtrophic' limb lNorma/' limb
was 83.7cm2 compared with 74cm2 for
the injured limb. This was associated
with a 22 per cent imbalance in meas-
ured strength between limbs
(p< 0.0001) (Figure 4).. There was no
difference in HU values between
hamstring groups, however asignifi-
cantly lower value (P<O.05) between
quadricepsHU identified the affected
limb (Table 2).
There was a significant correlation
between maximal static forceproduc-
tion and eSA of the atrophic limb
from the pre-test data{r= 0.6, p <0.05)
(Figure 5a). However, this association
had reduced significantly by the end of
the four week EMS programme
(r=0.34,p>0.05) (Figure 5b). Despite
no appreciable change inCSA over this
period, a 22 per cent increase
(p<O.OOl) in force production was
achieved by the injured limb following
the four week EMS programme (Singer
1986).. The ratio between force pro-
duction andCSA (N. em-I) confirmed
this trend, increasing from 6.0N.
cm-I to 7.1 N.cm-1 (P<0.05) (Table 3).
Differences
p<O.0001
p<O.001
p<O.05
NS
185.7 ±6.43
83.65±2.39
67.5 ± 1.2
54.0 ± 1.39
147.3 ±6.33
74.15±2.01
61.2 ± 1.6
54.7 ± 1.16
Mean±SE
Strength (N.m)
CSA(cm~
HU m. vastus lateralis
HU m. biceps femoris
some control was established through
repeated familiarization and prelimi-
nary testing, with the highest value
from each assessment used for the pres-
ent calculations. Inferences were lim-
ited to eSA data derived from one level
(mid-thigh).
Reslflts
Thi methodological error produced
when measuring quadriceps eSA from
a single scan eight times was 1.05 per
cent, and the ev from the repeated
eSA assessments in the sedentary sub-
jectwas 1.86 percent. This indicated
a satisfactory level of consistency in
subject positioning, data reduction and
measurement .. There ·was only slight
variability in the HU data recorded
from these eight trials (CV.= 2.. 87 per
cent)..
The preliminaryCT investigation re-
vealed a significant mean difference be-
tween quadriceps CSA of 11 percent
(p<O..OOl) (Table 1 and 2).. The mean
CSA for the unaffected knee extensors
Discussion
Figure 4: Means (± SE) for pre-test differences between limbs in force production
and eSA obtained from fifteen subjects who sustained knee trauma anave'rage
seven years prior to this study.
N..m p<O.OOOl
cm 2 p <0.001
r ATROPHIC r 'NORMAL'
100
---+-0
Results from this study· indicate that
repeated CT scans of the mid-thigh
provide accurate and reproduceable
mea'surements ofHU and CSA of
specific muscles . These data enabled
an objective means of assessing the ex-
tent of residual muscle atrophy infif-
teen subjects with chronic weakness of
their knee extensors resulting from pre-
vious knee disorders. The meanCSA
difference between limbs (11 percent)
was comparable with CT data from
Gerber et al (1985), who reported a 10
per cent difference inCSA inpatients
with unilateral anterior eruciate liga-
ment instability. The CT assessment of
the unaffected limb revealedcompa-
rable CSA values with previously re-
ported data (Maughan etal 1983,
Schantz et a11983, Gerber etaI1985)..
Mean HU values for the unaffected
quadriceps and both hamstrings were
consistent with the age matched data
of Bulcke etal (1979). The typical fea-
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Table 3:
Pre-test and post-EMS quadriceps forceandCSA data from the atrophic
limb
of EMS on motor unit activation pat-
terns (Singer 1986). These data were
, supported by a decline in correlation
between force production and CSA
after the EMS programme (Figure Sa,
5b) suggesting that the predominant
influence on force development was
through improved motorunitactiva-
tion patterns. This finding indicates
that muscle CSA is not.a sensitive pre-
dictor of the potential for muscular
force generation, particularly during
the early phase of a rehabilitation pro-
gramme aimed at improving the
strength of atrophic muscle.
Clinical· implications
Serial tape measurements of limb
(Cooperetal 1981, Haggmarket 01
1981) or joint circumference (Nicholas
et al 1976), if conducted with care,
provide a gross intra and inter-limb
assessment of atrophy or joint effusion
which is often useful for clinical rec-
ords.However for objective assess-
ment of muscleCSA,circumferential
measurements are technically imprecise
due to an inability to differentiate limb
tissues and may invalidate inferences
drawn about specific muscles or muscle
groups (Gerberet 01 1985). The ex-
pected strong correlation between limb
circumference and CT derived circum-
ferentialmeasurements (Hudash etal
1985) may seriously disguise marked
muscle CSA differences between limbs
due to subcutaneous fat deposition
within an injured limb (Ingemann-
Hansen andHalkjaer~Kristensen 1980,
Young et·aI1980, ·1982,Eriksson 1981,
Renstrom et a11983, Gerber etoJ1985).
Maughanetal 1983). However, this
association varies significantly from
one individual to another, even in in-
dividuals of similar anthropometric
characteristics. This apparent associa-
tion declines further when biomechan-
ical considerations are taken into ac-
count, including angle of muscle fibre
pennation (Alexander and Vernon
1975,Wickiewiczet al 1983) and the
joint angle adopted for testing. In ad-
dition,markedchanges in the ratio be-
tween force and CSA occur during the
early phase of strength training (Ikai
and Fukunga 1970).
A lack of early muscle hypertrophy
suggests that the predominant contri-
bution to increased force production is
neurally mediated (Moritaniand de
Vries 1979, 1980, Luthi etal 1986,
Singer 1986). The most significant
changes that occur during this period
concern the rate and efficiency of
romotoractivation (Figure 6). The my-
ogenicresponse to increased tension
mainly involves the synthesis of new
myofibrils, a process that typically oc-
curs in the presence of degenerative
and regenerative ultrastructural.changes
(MacDougall et 01 1980, Hoppeler
1986). While strength training stimu-
lates muscular hypertrophy, macro-
scopic evidence of this change in the
early phase is less appreciable.
In the present study, the follow-up
CT examination revealed no significant
change inquadricepsCSA following
four weeks of daily EMS. This finding
quantified the extent of muscle atrophy
in these subjects with chronic quadri-
ceps weakness and ·provided an objec-
tive basis for evaluating the influence
Differences
p<O.001
NS
p<O.05
Post EMS
176.1± 10.38
76.6 ±2.4
6~99±O.40
Pre-test
147.3 ±6.33
74.15 ± 2.0
6.04±O.25
Mean±SE
Strength (N.m)
CSA(cm~
Strength/GSA (N. em·t )
tures of atrophic .and .pathologic mus-
cleare ·an increase in proportions of
connective tissue and fat, represented
by decreasing HU values over normal
tissue values (Renstrom etaJ·.1983). In
the present study the smaller values for
m. biceps femoris HU may reflect
greatet; proportions of fat within and
betweev the hamstring muscles,
whereas"n:quadricep' HU were derived
from a more homogenous area of mus-
cle. The significant difference between
knee extensor ·HU values may reflect
greater fat deposition in the injured
limb. This trend was reported by Young
et aJ (1982) who comparedsubcuta-
neous fat proportions between limbs in
patients with unilateral knee joint in-
juries. In a ·more comprehensive study
using electron microscopy, Gerber et
al (1985) were able to demonstrate in-
tracellular ·fat within the affected quad-
ricepsbiopsy sample that was 123 per
cent greater than the unaffected limb.
Tape >measurements of the affected
limb circumference,compared with CT
assessments, under-estimated muscle
CSAby 38 per cent. Gerber et al (1985)
indicated that circumferential.measures
do not permit scientific deductions to
be reached about muscle CSA,con-
firming the recommendations ofEr-
iksson (1981).
While the ratio between force pro-
duction and quadricepsCSA increased
after EMS training from 6.0 to 7.1N.
cm- 1 (p<O.05) this was still below the
reported >values of 9.5N. cm- l
(Maughan et a11983) .and 8.9 N. ·cm- l
(Maughan and Nimmo 1984) for un-
trained males. However, inspection of
data from Maughan's ·studies revealed
a wide variation in this ratio. The dif-
ferent results in the present study may
reflect the procedures used to assess
static strength and the chronic weak-
ness of individuals, three of whom re-
ported increasing knee joint discomfort
during testing.
The- concept that muscle force po-
tential is in part proportional to its
CSA has often been reported and .sus-
tained (Morris 1948, Ikai and Fukunga
1968, Salmons and Hendriksson 1981,
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Figure 5a and 5b: Correlations between mid·thigh quadriceps eSA and maximal
static force production, pre-EMS [a] and post-EMS [b]. The change in association
over time was suggestive of greater neural input fa force production as no sig-
nificant change in eSA occurred over this period.
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Correction for subcutaneous tissue
thickness does not necessarily improve
the validity of the assessment (de Kon-
inget .al 1986). ·Further variability in
measurement can occur through incon-
sistencies in tape alignment, ·variations
inmuscl(~ relaxation during repeated
measurements and in estimating con-
sistent tension when approximating the
tape ends (Stokes 1985). During reha-
bilitation, tape..measured 'hypertro..
phy' may also reflect changes in ad-
jacentmuscle groups, in subcutaneous
fat distribution (Younget al 1980),
connective tissue (Ma.cDougall 1986)
and vascular adaptio~s to training
(Schantz 19~2),· and measurement error
in the assessment of eSA.
'fhe use of. ultrasonography and
computed tOll1ography does not nec-
es~arjly~egate . error, .as instrumenta-
tion,and m~thodologiCaI error may still
occur. However,with care these fac~
tors can be successfully minimized.
While US has been proposed as one
means of measuring specific muscle
eSA (Donset al 1979, ·Younget al
1980, 1983, Stokes 1985), additional
Computed Tomography, Muscle Cross-sectional Area and Strength
problems with superficial tissue distor-
tion by the transducer and technical
difficulties when scanning circumfer-
entiaUy contribute to reducing the ac-
curacy of the assessment. Delineation
of subcutaneous tissue is less precise
than with other tissue imaging tech-
niques ~DeCarvalho etal 1985), al-
though re~ent generationUSB-scan-
nershav'ie largely overcome this
problem (Commandre 1986). ComO.
puter tomography scanning provides
fewer mechanical restraints dlJe to the
non-contact nature of the assessment
and provides improved tissue resolu-
tion capabilities, Similarly, magnetic
resonance imaging produces enhanced
tissue differentiation and appears to be
superior to existing methods (Reis et at
1985).
In conclusion, these data from the
present study confirm the usefulness qf
CT scanning as ·a reliable means of
evaluating specific muscle group CSA
and HU. This procedure can be repro-
ducedwith accuracy using skin mark,;.
ings and may also be standardized with
scout x-rays (scanograms) of the limbs.
Radiation exposure is minimal with re-
cent generation scanners and well
within recommended guidelines forhu-
man volunteer studies. For the clinical
researcher, CT scanning is an available
resource to quantify accurately the re-
sponse of· muscle to injury or immo,;.
bilizationand provides a further means
of determining the efficacy of various
rehabilitation programmes. Traditional
anthropometric estimates of muscle
CSAare invalid for research purposes
and clinically may be too insensitive
for other than gross assessments of limb
or joint condition~Whilemuscle. force
production is generally proportional to
CSA, this association changesdramat-
ically during the early phase of strength
development and is not a reliable pre-
dictor of force potential,particularly
in atrophic muscle. The importance of
accurate CSA measurements .is appar-
ent if quantitative evaluations of mus-
cle function are to be obtained. This
feature has been clearly demonstrated
in the present study by significantim-
provements in voluntary force produc-
tionwithout appreciable change in mid,;.
thigh eSA.
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